The establishment of hippocampal long-term potentiation (LTP) requires protein and mRNA synthesis, suggesting that neuronal activity resulting in LTP initiates a cascade of gene expression. The expression of the gene for the extracellular serine protease tissue plasminogen activator (t-PA) is induced during LTP. Here we analjlze long-lasting LTP (L-LTP, >4 hr) in CA1 hippocampal slices of mice homozygous for disrupted t-PA genes. Although mutant mice appear to exhibit long-term potentiation, we provide evidence that these mice are devoid of conventional. Behavioral and cellular studies of learning and memory indicate that there are phases in memory formation. Long-term memory, lasting days or even weeks in the intact animal, can be distinguished from short-term memory, lasting minutes or a few hours, with inhibitors of protein and mRNA synthesis (Flexner et al., 1963; Agranoff and Klinger, 1964; Daniels, 1971; Matthies, 1974; Grecksch and Matthies, 1980; Montarolo et al., 1986; Alkon et al., 1991). A similar time course and requirement have been described for late phases of hippocampal long-term potentiation (LTP) (Krug et al., 1984; Stanton and Sarvey, 1984; Frey et al., 1988; Otani and Abraham, 1989; Frey et al., 1993a,b; Nguyen et al., 1994; Frey et al., 1995) , a widely studied process thought to underlie explicit forms of memory (Squire et al., 1993). The requirement of protein and mRNA synthesis during LTP might reflect alterations in gene transcription, but little is known about the specific genes induced and their role, if any, in LTP. The expression of the gene for the extracellular serine protease tissue plasminogen activator (t-PA) has been shown to be induced during LTP and might contribute to structural changes that can be observed during activity-dependent plasticity (Qian et al., 1993). Mice genetically engineered to be deficient for t-PA develop normally, are fertile, and have a normal life span (Carmeliet et al., 1994). Moreover, a histochemical analysis, which WC performed on the brains of t-PA-deficient mice, did not reveal any gross anatomical abnormalities in hippocampus or other regions of the brain.
The establishment of hippocampal long-term potentiation (LTP) requires protein and mRNA synthesis, suggesting that neuronal activity resulting in LTP initiates a cascade of gene expression. The expression of the gene for the extracellular serine protease tissue plasminogen activator (t-PA) is induced during LTP. Here we analjlze long-lasting LTP (L-LTP, >4 hr) in CA1 hippocampal slices of mice homozygous for disrupted t-PA genes. Although mutant mice appear to exhibit long-term potentiation, we provide evidence that these mice are devoid of conventional.
homosynaptic L-LTP at the Schaffer collateral-CA1 pyramidal cell synapse. Most remarkably, t-PA-deficient mice exhibit a different form of long-lasting potentiation that is characterized by an NMDA receptor-dependent modification of GABA transmission in the CA1 region.
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Behavioral and cellular studies of learning and memory indicate that there are phases in memory formation. Long-term memory, lasting days or even weeks in the intact animal, can be distinguished from short-term memory, lasting minutes or a few hours, with inhibitors of protein and mRNA synthesis (Flexner et al., 1963; Agranoff and Klinger, 1964; Daniels, 1971; Matthies, 1974; Grecksch and Matthies, 1980; Montarolo et al., 1986; Alkon et al., 1991) . A similar time course and requirement have been described for late phases of hippocampal long-term potentiation (LTP) (Krug et al., 1984; Stanton and Sarvey, 1984; Frey et al., 1988; Otani and Abraham, 1989; Frey et al., 1993a,b; Nguyen et al., 1994; Frey et al., 1995) , a widely studied process thought to underlie explicit forms of memory (Squire et al., 1993) . The requirement of protein and mRNA synthesis during LTP might reflect alterations in gene transcription, but little is known about the specific genes induced and their role, if any, in LTP. The expression of the gene for the extracellular serine protease tissue plasminogen activator (t-PA) has been shown to be induced during LTP and might contribute to structural changes that can be observed during activity-dependent plasticity (Qian et al., 1993) . Mice genetically engineered to be deficient for t-PA develop normally, are fertile, and have a normal life span (Carmeliet et al., 1994) . Moreover, a histochemical analysis, which WC performed on the brains of t-PA-deficient mice, did not reveal any gross anatomical abnormalities in hippocampus or other regions of the brain.
Here we examine how the absence of t-PA gene expression affects synaptic transmission and the establishment and mainte- nance of long-lasting LTP (L-LTP) in the hippocampal CAI region. WC report that stimulation parameters used for the induction of LTP in wild-type animals elicit a distinct form of longlasting potentiation in mice deficient for t-PA. Although the observed potentiation appears to be phenotypically similar to conventional, homosynaptic LTP, we find that long-lasting potentiation in t-PA-deficient mice is mediated by an NMDA receptordependent modification of GABA transmission.
MATERIALS AND METHODS
Hippocampal slices in vitro were prepared from 81 adult mice. t-PAdeficient and wild-type mice (Carmclict ct al., 1994) were obtained from Dr. P. Carmeliet, Catholic University of Lcuven, Leuven, Belgium. Experiments were performed under blind conditions, i.e. all animals used were received mixed and coded, and their genotype was dctcrmined by Dr. Carmeliet. Electrophysiological recordings were described previously (Frey et al., 1988) with the following exception. The mice wcrc briefly anesthetized with chloroform until they were motionless (< I5 set). Then the animals were killed rapidly by decapitation. The slices were incubated in an interface chamber at 32°C and at a flow rate of artificial CSF of 1 ml/min. Monopolar, lacquer-coated, stainless steel electrodes (A-M Systems, Everett, WA) were positioned in the stratum rddiatum of the CA1 region for stimulation. For recording, two electrodes were placed in the CA1 dendritic and cell body layer, rcspcctivcly. After a 4-5 hr prcincubation period, the stimulation strength was dctcrmincd for further testing by eliciting a pop-spike of 25% of its maximal amplitude. The basclinc was recorded for at lcast 60 min bcforc LTP induction. Four 0.2 Hz biphasic, constant-current pulses (0.1 mscc per polarity) were used for testing I, 3, 5, 11, 15, 21, 25 , and 30 min posttctanus, and thcrcaftcr once every I5 min. A prolonged potentiation was induced in one input using three stimulus trains of 100 pulses (100 Hz, duration 0.2 msec per polarity) with 10 min intertrain intervals. This particular schedule of tetanization was used to produce a robust and very stable long-term maintenance of potentiation in vitro for >8 hr (Reymann et al., 1985; Frey et al., 1988 
RESULTS
In a first series of experiments, we examined properties of synaptic transmission in wild-type and mutant animals. Figure L4 shows the EPSP-spike (E-S) relationship using a series of stratum radiatum test pulses of increasing intensity (Andersen et al., 1980; Chavez-Noriega et al., 1989) . t-PA-deficient animals ( Fig. lA , filled circles) require a larger EPSP then wild-type mice to generate a similar population spike compared with wild-type mice (Fig.  lA, open circles) . This finding was further evidenced by the observation that an increased stimulus intensity was needed to elicit a similar pop-spike amplitude in the mutant animals (e.g., to obtain a pop-spike with an amplitude of 50% of the maximal amplitude, 55.17 ? 4.25 PA (mean ? SEM, II = 8) were used in wild-type mice and 66.10 ? 5.58 FA (n = 8) were used in mutant mice). The reduced excitability of the mutant mice could be attributable to an increased feedforward inhibition in the dendritic field and the pyramidal cell body layer and might be conferred by GABAergic transmission (Kairiss et al., 1987) . As a second index of synaptic transmission, we tested paired-pulse behavior in both animal groups (Fig. 1B) . Paired-pulse facilitation of the field EPSP of mutant animals was slightly larger than EPSP facilitation of wild-type mice at an interpulse interval of 25 msec (Fig. lB, left) , which might suggest an increased feedforward inhibition (Lambert et al., 1991) in the dendritic field of mutant animals. Paired-pulse behavior of the pop-spike in mutant mice (Fig. IB, right, black boxes) was characterized by a significantly reduced paired-pulse facilitation of the second pop-spike at interpulse intervals of 25, 75, and 100 msec, suggesting an increased feedback inhibition (Maru et al., 1989; Lambert et al., 1991) in the mutant mice. We therefore examined GABAergic transmission. Figure 1 , C and D, shows the influence of the GABA, receptor blocker bicuculline on normal synaptic transmission in both animal groups. Whereas bicuculline had no effect on the field EPSP in the two groups, we found that the pop-spike showed a significantly increased facilitation in the mutant animals. These results support the possibility of an altered GABAergic inhibition in the t-PA mutant mice.
In a second series of experiments, we investigated whether induction or maintenance of LTP is affected in t-PA-deficient mice. A robust and enduring form of LTP in the CA1 region of hippocampal slices in vitro (L-LTP, lasting for at least 8 hr) was generated using a conditioning protocol reported earlier (Frey et al., 1988; Frey et al., 1993a) . Electrically induced potentiation in t-PA-deficient mice was phenotypically similar to LTP observed in wild-type mice and was maintained in vitro for at least 8 hr (Fig.  2,4,B) . We examined in parallel the E-S relationship in the two animal groups during LTP (Fig. 3A,B) . The E-S curve of wild-type mice showed a characteristic left shift 50 min after induction of LTP (Fig. 3A) . This left shift is indicative of an additional popspike increase and is interpreted as enhanced excitability of the pyramidal cells after LTP induction (Andersen et al., 1980) . In contrast, the E-S relationship of the mutants did not show any left shift (Fig. 3B) . Moreover, compared with wild-type mice, the slope of the E-S curve of the mutant mice was decreased before and after induction of long-lasting potentiation, consistent with the hypothesis that GABAergic inhibition is altered (Kairiss et al., 1987; Chavez-Noriega et al., 1989) in mutant animals. To further test this hypothesis, we adjusted the stimulus intensities during the maintenance phase of LTP (1 hr after LTP induction) to elicit potentials of an amplitude similar to those recorded before tetanization. Bicuculline methchloride (10 pM) was applied, and potentials were recorded for 35 min. In contrast to measurements performed before induction of LTP (Fig. lC) , no additional facilitation of the pop-spike amplitude after GABA, receptor blockade was observed in t-PA-deficient mice after the induction of LTP (Fig. 3C ) compared with wild-type animals. This result Frey et al. l Figure 3 . Comparison of properties of synaptic transmission of t-PA+'+ and t-PA-'-animals after induction of LTP. E-S relationship of wild-type (n = 6) (A) and mutant mice (R) (n = 6) before (Open circles) and SO min after tetanization (filled circles). In contrast to wild-type mice, mutants do not show the characteristic left shift of the E-S curve after tetanization. Moreover, mutants require a larger EPSP to evoke a similar pop-spike, C, n, Etfect of 10 FM bicucullinc methchloride on the spike (C) and EPSP (D) 80 min after LTP induction. One hour after tctanization, the stimulus intensity was adjusted to evoke potentials with an amplitude similar to those before tetanization. This adjustment of the stimulus intensities allows a comparison of potentials before LTP and bicuculline treatment (Fig. lC,D) (C) of t-PA-deficient animals (j&d circles, n = 7) was not different fr-om potentials of wild-type animals (open ci~kes, II = 9). This result indicates a reduction of GABAergic transmission in t-PA-deticicnt mice 80 min after LTP generation.
indicates an LTP-specific reduction of GABAergic transmission in t-PA-deficient mice. The reduced facilitation of the pop-spike with bicuculline and LTP induction in both animal groups (Fig.  3C) is reminiscent of the disinhibition observed with LTP in hippocampal CA1 neurons (Stelzer et al., 1994) .
In the following experiments, we examined the role of GABAergic inhibition for the induction and maintenance of potentiation.
LTP was induced in the presence of the GABA, receptor inhibitor PTX (10 PM), and potentials were tested in the presence of PTX using a stimulation intensity that elicited 25% of the maximal pop-spike amplitude. Slices of wild-type animals treated in this way showed an increase in the slope of the field EPSP as well as the pop-spike amplitude, evidencing the establishment and maintenance of LTP (Fig. 4A,B , open circles). Tetanization of wild-type slices in PTX led to stable LTP with enhanced potentials somewhat smaller compared with those observed in nontreated LTP slices of wild-type controls (see Discussion).
In our studies, we also noted that inhibition of GABA transmission and tetanization elicited a marked increase in the number of multispikes, a further index F@rr 4. Time course of long-lasting potentiation in t-PA+'~' and t-PA '-mice in the presence of PTX or AP-5. A, B, Time course of potentiation of the field EPSP and the pop-spike in wild-type (open circles, n = 10) and t-PA-deficient mice (filled circles, n = 9) after application of PTX. In the latter, only a short-term potent&ion could be evoked. Asterisks indicate the statistically significant difference between the mutant and wild-type mice after application of PTX (Mann-Whitney U test, p < 0.05). Armw indicate the time point of threefold tetanization. C, D, Time course of potentiation of the field EPSP and of the pop-spike in t-PA+'+ (Open circles, n = 7) and t-PA-'-mice (filled circles, n = 6) after application of AP-5. Application of alone prevented a long-lasting potentiation in the two animal groups.
for the establishment of LTP in slices of wild-type mice. In strong contrast, in the presence of PTX, slices of mutant animals did not show a maintained long-lasting enhancement of potentials.
Mutant mice were completely devoid of late phases of potentiation and showed only a short-lasting potentiation declining to baseline values within 60 min after tetanization (Fig. 4A,B, filled circles) .
Hippocampal CAl-LTP depends on the activation of NMDA receptors. We investigated whether the long-lasting potentiation in t-PA-deficient mice has a similar requirement.
Application of the NMDA receptor blocker D-AP-5 (50 p.M) during tetanization abolished all forms of longer-lasting potentiation in wild-type as well as mutant mice (Fig. 4C,D) , demonstrating that the two forms of long-lasting potentiation depend on the activation of NMDA receptors. DISCUSSION t-PA is widely expressed in the developing and the adult brain (Qian et al., 1993; Carroll et al., 1994) . Thus, the loss of t-PA could conceivably lead to neuroanatomical deficits. Light microscopical examination of the neocortex, cerebellum, and hippocampus using Nissl-and immunohistochemical staining of microtubule-associated protein 2, synaptophysin, calbindin-D 2XK, calretinin, and parvalbumin did not reveal a rearrangement or a difference in the number of excitatory and inhibitory cell populations, or any other gross anatomical changes (data not shown). However, our analysis cannot exclude more subtle structural abnormalities in mutant mice. t-PA might participate in structural rearrangements associated with development and/or synaptic plasticity in the adult brain (Qian et al., 1993; Carroll et al., 1994) . t-PA might enhance glutamate-evoked intracellular calcium increase through modulation of the NMDA receptor, which could contribute to the initiation of processes required for L-LTP (Inoue et al., 1994) . We cannot distinguish between these possibilities, but we clearly demonstrate an essential role of t-PA for the maintenance of LTP at the Schaffer collateral-CA1 pyramidal cell synapse.
Our results indicate that the absence of t-PA gene expression affects synaptic transmission and the establishment and maintenance of L-LTP. During control stimulation, t-PA-deficient animals are characterized by a stronger GABAergic transmission in the hippocampal CA1 region. This finding might explain the recent observation (Tsirka et al., 1995) that t-PA-deficient animals are less susceptible to pharmacologically induced seizures compared with wild-type mice.
If the augmentation of the GABA, inhibition in mutant mice is indicative of greater activities across the full range of GABA, receptor functions, one might expect a similar augmentation during high-frequency stimulation (Alger and Nicoll, 1982a,b; Lambert et al., 1991; Staley et al., 1995 (Wigstrom and Gustafsson, 1983) . However, these results were obtained in the dentate gyrus and can be reconciled with our findings by a different GABAergic modulation in the dentate gyrus and the CA1 region of the hippocampus, or simply by the different stimulation protocols used. A different study in our laboratory on hippocampal slices of rat also did not show a facilitation of potentiation during the first 2 hr of LTP in the CA1 region when GABAergic transmission was blocked (Schollmeier et al., 1995) . The obtained results show that the increase in synaptic efficacy in t-PA mutants is distinct from conventional L-LTP and represents a novel form of long-lasting potentiation. Glutamatergic transmission alone is insufficient in generating processes resulting in LTP in the t-PA mutant mice and requires an additional, GABA-dependent mechanism. Taken together, t-PA-deficient mice completely lack conventional, homosynaptic L-LTP. Heterosynaptic long-lasting potentiation, however, does not require the expression of t-PA and is mediated in addition to conventional LTP by an NMDA receptor-dependent modification of GABAergic transmission. This form of potentiation provides t-PA-deficient mice with an output of CA1 neurons identical to that seen in wild-type mice during conventional L-LTP and, functionally, might fully compensate for L-LTP. Compensation of conventional LTP by a GABA-dependent potentiation could explain why spatial memory formation is unaffected in mutant mice (Lipp et al., 1993 
